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Infrared Emission from Supernova Remnants:
Formation and Destruction of Dust
Brian J. Williams and Tea Temim
Abstract We review the observations of dust emission in supernova remnants
(SNRs) and supernovae (SNe). Theoretical calculations suggest that SNe, partic-
ularly core-collapse, should make significant quantities of dust, perhaps as much
as a solar mass. Observations of extragalactic SNe have yet to find anywhere near
this amount, but this may be the result of observational limitations. SN 1987A, in
the process of transitioning from a SN to an SNR, does show signs of a significant
amount of dust forming in its ejecta, but whether this dust will survive the passage of
the reverse shock to be injected into the ISM is unknown. IR observations of SNRs
have not turned up significant quantities of dust, and the dust that is observed is
generally swept-up by the forward shock, rather than created in the ejecta. Because
the shock waves also destroy dust in the ISM, we explore the question of whether
SNe might be net destroyers, rather than net creators of dust in the universe.
1 Introduction
Supernova remnants (SNRs) provide a laboratory for the study of various aspects of
the evolution of the interstellar medium (ISM) across the electromagnetic spectrum.
SNRs are often bright in the infrared (IR), where both continuum emission from
warm dust and line emission from molecules and low ionization atomic states of
various elements are observed. The ejecta from SNRs enrich the ISM of the Galaxy
with metal-rich products such as silicon, iron, oxygen, and magnesium. These are
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the same elements that are predominantly found in dust grains, leading to the con-
clusion that grains might be formed within the expanding, cooling ejecta.
Dust plays an important role in all stages of galaxy evolution, as the life cycle
of dust grains and the amount and relative abundances present in the ISM are deter-
mined by the balance between grain formation, modification, and destruction. Dust
heated in the powerful shock waves of SNRs radiates strongly at IR wavelengths,
so IR observations provide a means to study both the properties of ISM dust and
the formation and destruction mechanisms in ways that are not otherwise feasible.
The conclusion that SNe are responsible for creating most of the dust in the uni-
verse is not a closed case. During the remnant phase, the shock wave races out into
the ISM, heating and compressing the interstellar or circumstellar gas. This gas,
heated to an X-ray emitting plasma of several million degrees, collides with dust
grains embedded within the medium, heating them to temperatures of up to a few
hundred degrees, but also modifying and destroying them in the process. Even the
newly formed grains within the ejecta are subject to destruction by the reverse shock
wave, and it may be that SNe, on the whole, destroy more dust than they create.
In this work, we review some of the basic theoretical and observational work be-
hind IR emission in SNe and SNRs. We discuss the heating and cooling mechanisms
for gas and dust in remnants, and discuss dust formation in SN ejecta. In general, the
amount of dust detected during the SN phase is quite small, only a few thousandths
of a solar mass. Most SNe fade from view in the IR within a few months, though
some, like Type IIn SNe, remain bright for years post-explosion, presumably due
to a significant amount of dust created in the pre-SN outflows. Young SNRs (where
young is loosely defined as a few hundred to a few thousand years old) are typically
bright mid-IR sources, and Spitzer has returned many spectacular images and spec-
tra of these remnants. The shape of the dust spectrum can serve as a diagnostic of
both the grain properties, and the hot, X-ray emitting plasma. We also discuss the
destruction of dust by the forward and reverse shock waves.
We summarize recent progress made in these areas, which has grown by leaps
and bounds over the past decade with the remarkable success of the Spitzer and
Herschel missions. The focus is on Galactic and Magellanic Clouds (MCs) observa-
tions of SNRs, because the resolved nature of remnants at these distances allows for
detailed study of the interaction of the shock wave with dust in the ambient Galac-
tic medium. While core-collapse SNe do show some evidence for dust formation in
their ejecta, Type Ia SNe do not. We also discuss extragalactic observations of SNe,
and finally, address the question of whether SNe, as a whole, are net producers or
destroyers of dust in the universe.
2 IR Emission from SNRs
SNRs have several emission mechanisms, both thermal and nonthermal, in the IR.
Thermal emission can manifest as either a continuum from warm dust grains or as
line emission from atomic or molecular gas. Rarely, nonthermal emission is present
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in the form of synchrotron emission from relativistic electrons accelerated by shock
waves. These are not mutually exclusive, and some remnants have emission from
all three. The dominant emission mechanism depends on several factors, but the
primary determinant is the evolutionary stage of the remnant, which can be parame-
terized as the product of the remnant’s age and the density of the material into which
the forward shock wave is expanding.
In general, remnants at an advanced evolutionary stage (either because they are
older or have encountered a denser medium) are dominated by line emission from
atomic and molecular gas. The gas temperatures in these have cooled sufficiently to
allow recombination to take place, and the atomic fine structure lines from common
elements such as Fe, O, Si, and Ne dominate the spectrum. In shocked molecular
gas, H2 is the dominant coolant. We refer the reader to Reach et al. (2006) for a
more thorough review of the IR line emission in advanced SNRs. These remnants
are also bright in optical wavebands, showing up as radiative shocks.
In young remnants, on the other hand, shock waves are still mostly non-radiative,
meaning that the plasma temperature in the post-shock environment is still too high
(the thermal emission from this gas is in the X-ray band) for recombination to occur.
As a result, these remnants emit very little in optical wavebands, but can emit sig-
nificant IR emission as thermal continuum from dust grains, warmed by collisions
with energetic particles in the post-shock gas (we detail the heating mechanism for
this in Section 2.1). In some young remnants, this thermal dust continuum is the
only source of emission in the IR. For examples of this, see Williams et al. (2011).
Most remnants show a mix of continuum and line emission sources, though the
exact physical locations of their origins may be distinct. As an example of this,
we show the integrated spectrum from Kepler’s SNR in Figure 1. The spectrum
contains strong continuum emission and several bright emission lines. Williams et
al. (2012) interpreted the continuum as arising from the fast non-radiative shocks,
while the line emission comes from the slower, radiative shocks, seen in the optical.
Finally, some remnants, like Cas A, are bright enough that a faint contribution from
synchrotron emission is detectable.
2.1 Heating Mechanisms for Dust in SNe and SNRs
Dust grains in the ISM are microscopic, ranging in size from a few nanometers to
several microns, and are generally composed of refractory elements, such as carbon,
magnesium, silicon, and iron. On average, about 0.1-1% of the mass of the ISM is
contained in dust grains, with the remainder being in the gaseous phase (the bulk
of that being hydrogen and helium). ISM grains have a steep distribution in size,
roughly following a power-law given by N(a) ∝ a−3.5, where a is the grain radius.
In general, dust grains are heated in one of two ways: by absorption of radia-
tion or by direct collision with energetic particles. These two mechanisms are not
mutually exclusive. Most dust heating in the universe is done via radiation. In the
ambient ISM, grains are heated by the interstellar radiation field, primarily ultra-
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Fig. 1 Spitzer mid-IR spectrum of Kepler’s SNR. The continuum results from warm dust at∼ 100
K. Several emission lines from low-ionization state ions are visible.
violet starlight, to temperatures of 10-20 K. Dust much closer to bright sources,
such as stars, can be heated to significantly higher temperatures, and is often seen in
mid-IR observations. Regardless of the heating mechanism, dust grains will cool via
radiation in the IR as a modified blackbody, where the exact shape of the spectrum
depends on the optical properties of the grains themselves.
In SNe, there are several radiative mechanisms which can heat dust. The sim-
plest mechanism is the extreme luminosity from the SN itself, powered by either
radioactive decay or circumstellar interaction of the shock wave and the dense ma-
terial it is plowing into. Grain temperatures observed in SNe can exceed 500 K, so
observations of dust in SNe must be done in the near-IR.
In young remnants, the bulk of the radiation emitted by the shocked plasma is at
X-ray energies. But since dust grains are not efficient absorbers of X-rays, the heat-
ing of grains in these remnants is dominated by collisions with hot electrons and
ions (Draine & Salpeter 1979), the same electrons and ions responsible for the X-
ray emission observed behind the forward shock in SNRs. This physical connection
between the X-ray and IR emission mechanisms accounts for the similar morpholo-
gies of young remnants seen in these two wavebands (Williams et al. 2006). See
Figure 2 for an example using the remnant of Kepler’s SN of 1604 A.D.
In the late SNR phase, slow, radiative shocks (< 150 km s−1) can emit significant
amounts of optical/UV radiation due to the rapidly cooling gas in the post-shock
environment. This radiation generally becomes the dominant heating source in older
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remnants, since young remnants are usually dominated by non-radiative shocks. The
dust in older remnants tends to be cooler, generally in the 20-50 K range, emitting
mostly in the far-IR. Virtually all of the emission from older remnants is dominated
by swept-up ISM dust.
Fig. 2 Left: Spitzer 24 µm image of Kepler’s SNR (PI: W.P. Blair). Right: Chandra 3-color mosaic
(PI: S.P. Reynolds), with 0.3-0.72 keV emission in red, 0.72-1.7 keV emission in green, and 1.7-7.0
keV emission in blue. The morphological connections between the two wavebands are obvious; see
the text for details. The image is approximately 5′ on a side.
The heating rate for a grain immersed in a hot plasma is given by
H =
(
32
pim
)1/2
pia2n(kT )3/2h(a,T ), (1)
where m is the mass of the impinging particle (proton, electron, etc.), a is the ra-
dius of the grain, n is the density of the gas, kT is the temperature of the gas, and
h(a,T ) is a function that describes the efficiency of the energy deposition rate of a
particle at a given T for a grain with radius a. It can be immediately seen from this
equation that at a given temperature, electrons will dominate the heating over pro-
tons, since their mass is much smaller and they move much faster. Young remnants,
such as Kepler’s SNR, have grain temperatures in the 50-200 K range, and emit
most of their light between 20-50 µm. If the temperature of the plasma is known
reasonably well from X-ray observations, the density of the post-shock gas can be
used as a free parameter to match the IR spectral energy distribution of the dust. For
instance, in Kepler’s SNR, a combined IR/X-ray analysis showed that the density
of the medium behind the forward shock is ∼ 50 cm−3, orders of magnitude above
what one would expect for the “typical” ISM at Kepler’s location in the Galaxy
(Williams et al. 2012), further solidifying the case that Kepler is a Type Ia remnant
with circumstellar interaction.
The radiative heating of grains by a nearby bright optical/UV source is given by
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H =
pia2
∫
f (ν,a)Lν (ν)Qabs(ν,a)dν
4pir2
, (2)
where f (ν,a) is the fraction of energy deposited into the grain, Lν (ν) is the
luminosity of the source, Qabs is the absorption coefficient for a given grain compo-
sition (a quantity which depends on the optical properties of the grains), and r is the
distance between the source and the dust grains. Regardless of the heating source,
grains cool by emitting radiation with a rate given by
Lgr(a) = 4pia
2
∫
piBν(ν,T )Qabs(ν,a)dν, (3)
whereBν(ν,T ) is the Planck blackbody functionwith T as the grain temperature.
3 Dust Formation in SNe
Observations of high-redshift quasars at far-IR and sub-millimeter wavelengths re-
vealed the presence of high masses of dust of > 108M⊙, and implied that this dust
had to form on relatively short timescales of a few hundredmillion years (see review
by Gall et al. 2011). Since core-collapse SNe occur on short enough timescales, they
were postulated to be the likely sources of dust in these young galaxies. Other pos-
sible mechanisms include the efficient growth of dust in the ISM (e.g. Draine 2009),
and dust formation in outflowing quasar winds (Elvis et al. 2002). However, studies
of extinction curves of high-redshift galaxies find that the flat shape of the curves
in the optical and UV can be explained by dust grains processed by the SN reverse
shock, providing further indication that SNe are the dominant contributors.
Dwek et al. (2009) used dust evolution models to fit the spectral energy distri-
butions (SEDs) of high-redshift quasars, and determined that an average SN would
need to produce 0.1-1.0 M⊙ of dust to explain the observations, assuming that none
of the grains are destroyed in the ISM. If dust destruction in the ISM is taken into
account (see Section 6), the required mass would be even larger. For this reason,
characterizing the masses and properties of dust grains produced in SNe, as well
as the efficiency of their eventual destruction in shocks, is critically important to
understand the origin of dust in the early and present day universe.
While most of the non-stellar, baryonic mass in the ISM is hydrogen and he-
lium, dust is comprised mostly of heavier metals, such as silicon, iron, oxygen, and
carbon. These elements are found, in high abundances, in SN ejecta. Theoretical
models for dust formation in SNe predict that significant masses of dust can form
in these ejecta over the timescale of a few years post-explosion, but that the mass,
composition, size, and ultimate survival of dust grains strongly depend on the type
of the explosion and the metallicity (Kozasa et al. 2009). Models for dust forma-
tion in core-collapse SNe based on classical nucleation theory and the chemical
kinematic approach for the formation of molecular precursors predict that 0.03-0.7
M⊙ of dust can form in the ejecta, with some of the most abundant species being
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MgSiO3, SiO2, Mg2SiO4, and C. However, only a fraction of this dust is expected
to survive the SN reverse shock (see Section 6.2). The survival of dust grains is
primarily determined by their size. Kozasa et al. (2009) found that Type IIb SNe
with less massive envelopes, and therefore lower densities and higher velocities in
the ejecta, tend to form smaller grains (< 0.006 microns), while Type IIP SNe with
massive envelopes form relatively large grain (> 0.03microns). Sarangi & Cherchn-
eff (2015) explored dust formation in Type IIP SNe by accounting for the gas-phase
chemistry, nucleation, and coagulation of grains, and confirmed the result that these
explosions tend to form larger grains, especially if the ejecta are clumpy. They also
found that clumpy ejecta lead to somewhat higher dust masses, and a higher fraction
of metallic grains.
For SNe with a significant amount of pre-SN mass loss, it may be possible for
dust to form in a cool, dense shell that forms in between the forward-shocked CSM
and the reverse-shocked ejecta. Smith et al. (2007) report observations of the Type Ib
SN 2006jc, which shows a rising near-IR continuum that is well-fit by hot graphite
dust grains, in combination with progressively more asymmetrically blueshifted He
I lines resulting from increasing dust obscuration of receeding material. Interest-
ingly, these effects were seen at very early times, between 50 and 75 days, as op-
posed to the several hundreds of days necessary for dust to form in the ejecta.
Nozawa et al. (2011) modeled the formation of dust in Type Ia SNe and found
that the total dust mass yield varies from 3 ×10−4 to 0.2 M⊙, but that the lack of
observational evidence for significant dust masses in Type Ia SNRs likely means that
the formation of carbon grains is suppressed by energetic photons and electrons.
They also find that the dust grains resulting from Type Ia explosions have sizes
below 0.01 microns and that they will likely not survive the SN reverse shock. This
implies that Type Ia SNe do not inject a significant amount of dust into the ISM.
4 Observational Evidence for Ejecta Dust in SNe
4.1 SN 1987A
Observations of SN 1987A in the Large Magellanic Cloud (LMC) provided the first
direct evidence of dust condensation in SN ejecta and allowed monitoring of the
evolution of the SN’s IR emission as it transitioned to an SNR. The predictions that
SN 1987Awould form dust a few hundred days post-explosion (Gehrz & Nye 1987)
were confirmed when an IR excess was detected in the SN light curve (e.g. Moseley
et al. 1989). The fraction of the SN bolometric luminosity reradiated by dust in the
form of an IR continuum between 2-100 µm evolved from 2% at day 260 post-
explosion to as high as 83% at day 775 (Wooden et al. 1993). This coincided with
the appearance of asymmetries in the optical emission lines, providing firm evidence
that dust condensed in the ejecta of the SN explosion around day ∼ 500. The early
IR observations were consistent with 10−4− 4× 10−3 M⊙ of dust, radioactively
8 Brian J. Williams and Tea Temim
Fig. 3 Top left: Hubble Space
Telescope Hα line image
of SN 1987A, showing the
equatorial ring and the inner
SN ejecta. Top right: ALMA
450 µm continuum image,
confirming that the dust emis-
sion at far-IR wavelengths
spatially coincides with the
SN ejecta. Bottom: IR pho-
tometric and spectroscopic
data for SN 1987A. The ad-
ditional cold dust component
emitting in the 100-350 µm
range has been fit by 0.5 M⊙
of dust at 23 K (blue curve).
Panels in the top row are from
Indebetouw et al. (2014), and
the bottom panel is from Mat-
suura et al. (2015).
heated to a temperature of ∼ 100 K, and consisting mostly of carbon grains, as
inferred from the absence of silicate features in the IR spectrum (Wooden et al.
1993, Bouchet et al. 2004).
About ten years after explosion, as the blastwave of SN 1987A encountered
the equatorial ring, the IR emission became completely dominated by pre-existing
dust formed in the wind of the progenitor star. Mid-IR monitoring, particularly
with Spitzer, revealed that the dust continuum emission could be explained by
∼ 10−5−10−6M⊙ of mostly silicate grains, collisionally heated by the X-ray emit-
ting gas to a temperature of ∼ 180 K (e.g. Dwek et al. 2010). During this time, the
mid-IR emission from the ejecta-condensed dust remained negligible.
An additional cold dust component in SN 1987A was discovered by Herschel in
mid- and far-IR (70-500 µm) observations. The component was attributed to ∼ 0.5
M⊙ of SN-formed dust, the largest mass ever detected in an SNR (Matsuura et al.
2015). The IR spectral energy distribution, shown in Figure 3, was fit by 0.5 M⊙ of
silicate and 0.3 M⊙ of carbon grains, emitting at a narrow temperature range of 20-
25 K. Curiously, these dust masses require a 100% condensation efficiency for Si,
and exceed the expected nucleosynthetic yields for carbon. High spatial resolution
sub-millimeter observations with Atacama Large Millimeter/submillimeter Array
(ALMA) confirmed that the dust emission originates from the central region of SN
1987A, coincident with the location of the SN ejecta (Indebetouw et al. 2014). The
dominant heating source for the dust is likely the radioactive decay of 44Ti.
The fact that the currently observed mass of ejecta dust is orders of magnitude
larger than the early estimates led several authors to suggest that the increase in mass
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was caused by gradual coagulation and accretion onto dust grains that formed at the
early epochs, a few hundred days after the explosion (Ercolano et al. 2007, Wesson
et al. 2015). Alternatively, Dwek et al. (2015) propose a scenario in which∼ 0.4 M⊙
formed rapidly at the early epochs, but was hidden in optically thick regions of the
ejecta. The total dust mass then evolves to 0.45 M⊙ at late times, consisting of ∼
0.4 M⊙ of silicate and 0.05 M⊙ of carbon dust. While the proposed scenario is not
unique, it alleviates the requirements for an unexpectedly large amount of Si, Mg,
and C to be locked up in dust, and explains the absence of silicate emission features
at the early epochs that would have been a result of self-absorption in the optically
thick clumps. In either scenario, the large dust mass observed in SN 1987A is yet to
encounter the SN reverse shock that is expected to destroy a significant fraction of
the grains, so just how much of this dust will be injected into the ISM remains an
open question.
4.2 Extragalactic Observations
Extragalactic (which we define here as beyond the Milky Way and any satellite
galaxies, such as the MCs) observations in the IR are limited to the SN phase.
Nonetheless, there have been several instances of dust being observed in extragalac-
tic objects, both in emission, where the continuum from hot dust causes an excess
above the normal SN light curve, and via indirect effects, such as asymmetric line
profiles from dust obscuration of receding material.
One of the early results in this field came from Spitzer observations of SN 2003gd
in NGC 628 (9.3 Mpc) by Sugerman et al. (2006). The near-IR observations from
3.6 to 8 µm clearly show a detection of the SN at day 499 that disappears by day
670. The authors concluded that as much as 0.02 M⊙ of dust had condensed in
the ejecta within ∼ 1 yr post-explosion. However, a later analysis by Meikle et al.
(2007) came to the opposite conclusion, namely that the near and mid-IR emission
from SN 2003gd could not be explained by newly formed dust, but instead was more
consistent with a light echo from pre-existing dust.
Kotak et al. (2009) obtained Spitzer photometric and spectroscopic observations
and optical spectra for several years post-explosion in the Type IIP SN 2004et.
They fit their data with a three-component model which includes both emission
from newly formed dust in the ejecta and an IR light echo from dust in the host
galaxy. However, the amount of dust required to fit their observations was only
about 10−4 M⊙, several orders of magnitude below the ∼ 0.1 M⊙ needed, per core-
collapse SN, to reproduce the amount of dust in the universe. An extended analysis
of this object out to beyond day 2000 by Fabbri et al. (2011) confirmed these results,
without need for a large amount of dust formation.
Other observations of extragalactic SNe with Spitzer and other instruments pro-
duce similar results. Nozawa et al. (2008) used AKARI observations of the Type Ib
SN 2006jc to derive a mass of only a few times 10−3 M⊙, despite theoretical calcu-
lations showing that about 1 M⊙ should form, based on the temperature evolution of
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the SN. The Type IIP SN 2004dj, quite close at only 3.5 Mpc, was observed several
times with Spitzer between days 98 and 1381 post-explosion, but Szalai et al. (2011)
find an upper limit of only 8 ×10−4 M⊙. To date, no significant amount of mass has
ever been seen in an extragalactic SN, though a caveat to this is that Spitzer may
not be sensitive to a cold dust component, which could peak at wavelengths > 40
µm, or that the dust emitting region may be optically thick (see Section 4.1). While
both Spitzer and Herschel had capabilities beyond this wavelength, their spatial res-
olution at long wavelengths made observations of SNe in other galaxies impossible.
Once fully operational, ALMAmay offer the possibility of detecting cold dust from
distant SNe in the years following explosion.
5 Observational Evidence for Ejecta Dust in SNRs
5.1 Ejecta Dust in Shell-Type SNRs
Most of the evidence for dust in the ejecta of SNRs has come from the remnants
of core-collapse SNe, as would be expected from theoretical calculations (see Sec-
tion 3). Perhaps the best example is Cas A, where Barlow et al. (2010) use Spitzer
and Herschel observations to separate out the warm and cold dust components. The
warm component arises from dust in the ISM heated by the forward shock, but the
cold component, with a measured mass of 0.075 M⊙, is attributed to dust formed
in the ejecta. However, this cold dust is located interior to and has not yet encoun-
tered the reverse shock, so the amount that will ultimately survive is still unknown
(see Section 6). Arendt et al. (2014) decomposed the IR emission into several dif-
ferent dust components corresponding to various ejecta products in the remnant (see
Figure 4).
Other core-collapse remnants have yielded similar results. Sandstrom et al.
(2009) find only ∼ 10−3 M⊙ in the Small Magellanic Cloud remnant 1E0102-72.3.
A survey of four LMC remnants by Williams et al. (2006) found < 0.1 M⊙ of dust
in all of those objects, and they attribute most of that to swept-up ISM dust. They
also point out that the morphology of the remnants in the IR more closely matches
the forward-shocked emission seen in X-rays, rather than the SN ejecta.
Searches for dust in remnants of Type Ia SNe have turned up even smaller
amounts of dust. Borkowski et al. (2006) examined several remnants in the LMC,
and found no significant amounts of dust associated with the ejecta. Gomez et al.
(2012b) report Herschel observations of Kepler’s SNR and Tycho’s SNR, and find
no evidence for a cool component of dust associated with the ejecta in either rem-
nant.
Infrared Emission from Supernova Remnants: Formation and Destruction of Dust 11
Fig. 4 A three-color image of Cas A (from Arendt et al. 2014), showing the dust continuum emis-
sion at 11.8 µm in blue, 20.8 µm in green, and 70 µm in red. The various colors seen in the image
reflect the spatial distribution of distinct species of dust that condensed in different layers of the
SN ejecta.
5.2 Ejecta Dust Around Pulsar Wind Nebulae
Firm evidence for the existence of SN-formed dust is also found in SNRs that con-
tain pulsar-generatedwind nebulae. In the early stages of evolution of these systems,
before the SN reverse shock has propagated towards the center of the SNR, the ex-
panding pulsar wind nebula (PWN) drives a shock into the inner SN ejecta. Any
dust that might have condensed in the ejecta can then be heated to IR-emitting tem-
peratures, either collisionally by the shocked gas, or radiatively by the high-energy
synchrotron emission from the PWN. The heating source provided by the central
PWN therefore allows us to observe and study pristine SN dust before it has been
processed by the SN reverse shock.
The most famous example of a system that exhibits this property is the Crab
Nebula, whose PWN sweeps up SN ejecta material observed in the form of bright
optical and IR filaments. The first observational evidence for dust in the Crab Nebula
was found in the form of an IR excess above the synchrotron power-law in the
integrated SED of the PWN, and attributed to 10−3− 10−2 M⊙ of carbon and/or
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silicate dust emitting at a temperature of ∼ 70 K. Further evidence was found in the
form of dust absorption features across the Crab’s optical ejecta filaments.
The high values of the dust-to-gas mass ratio and the spatial correlation between
the extinction features and low ionization emission lines in the filaments suggested
that the dust in the Crab Nebula condensed from the SN ejecta, rather than originat-
ing from swept-up circumstellar material. Spitzer mid-IR spectroscopy confirmed
that the dust continuum emission spatially correlates with the brightest filaments,
and showed that the spectrum is mostly featureless (Temim et al. 2012b). The emis-
sion spectrum was fit by (1.2−12)×10−3 M⊙ of warm dust, equally well described
by either silicate or carbonaceous grains, radiating at a temperature of 55± 4 K and
60 ± 7 K, respectively.
Far-IRHerschel observations of the Crab Nebula revealed the presence of a much
more massive colder dust emission component (∼ 30 K) described by 0.24+0.32
−0.08 M⊙
of silicate or 0.110.010.01 M⊙ of carbon dust (Gomez et al. 2012a). Temim & Dwek
(2013) modeled the mid and far-IR SED using a physical dust heating model, in
which the broadband emission from the PWN radiatively heats dust grains with a
continuous size distribution. They found that the resulting continuous temperature
distribution of the grains leads to a reduction in the total dust mass (0.019 - 0.13
M⊙), more in line with the expected nucleosynthetic yields for the Crab Nebula. On
the other hand, Owen & Barlow (2015) used a photoionization and radiative transfer
model to show that the dust mass can be several times higher (up to 0.47 M⊙) if the
grains reside in dense clumps. Both models suggest that the dust mass distribution
is dominated by relatively large grains (> 0.1 µm), consistent with what is expected
for a Type IIP SN.
Besides the Crab Nebula, three other PWNe show surrounding IR emission that
likely originates from SN-formed dust; B0540-69.3 in the LMC (Williams et al.
2008), G54.1+0.3 (Temim et al. 2010), and Kes 75 (Temim et al. 2012a). Spitzer
spectroscopy of B0540-69.3 shows a dust continuum excess above the PWN syn-
chrotron emission that can be explained by a fairly small amount (∼ 10−3 M⊙)
of dust, heated to a temperature of 50-65 K by the PWN shock (Williams et al.
2008). A multi-wavelength study of G54.1+0.3 by Temim et al. (2010) uncovered
the unique nature of the IR shell surrounding the PWN. The highly broadened (up
to 1000 km s−1) emission lines found in the Spitzer IRS spectrum (see Figure 5),
which spatially correlate with the shell emission, confirmed that the shell is com-
posed of SN ejecta and ∼ 0.1 M⊙ of newly-formed dust. Furthermore, the dust
emission spectrum shows a distinct dust feature at 21 µm, produced by the same
dust species as the SN-condensed dust in Cas A. Even more interestingly, the dust is
being heated not only by the PWN shock, but primarily by the O and B stars that are
members of the cluster in which the SN progenitor existed. While the dust masses in
these systems are relatively low, especially considering that the grains have not yet
been encountered by the SN reverse shock that is expected to destroy a significant
fraction, they were derived from Spitzer mid-IR observations that only sample the
warmer grains. Far-IR emission has now been detected from all three systems with
Herschel, suggesting that more dust resides at colder temperatures. Future studies
and searches for IR emission around other young PWNe will be important for in-
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Fig. 5 Left: The Spitzer mid-IR spectrum of the shell surrounding the pulsar wind nebula in SNR
G54.1+0.3. A zoomed in velocity profile of the [Si II] 34.8 µm line is shown in blue in the inset.
The dust spectrum shows mostly continuum emission, with a distinct broad feature peaking at ∼
21 µm, arising from the same dust species as the ejecta dust in Cas A. The highly broadened emis-
sion line profiles, as shown by the Si line, indicate shell expansion velocities of∼ 1000 km s−1 and
confirm that the emission originates from SN ejecta. Right: A three-color composite image of SNR
G54.1+0.3, showing the Chandra X-ray emission in blue, and Spitzer 8 µm and 24 µm emission
in green and red, respectively. The pulsar wind nebula emitting in the X-rays is surrounded by IR
emission from SN ejecta and dust. The dust is being heated both by the pulsar wind, and the sur-
rounding stars, as it blows past them. The IR point sources that stand out in yellow arise from the
hotter dust in the immediate vicinity of the stars. Image credit: X-ray: NASA/CXC/SAO/T.Temim
et al. 2010; IR: NASA/JPL-Caltech
creasing the number of systems for which we can characterize the properties and
masses of unprocessed SN dust.
6 Dust Destruction in Shocks
6.1 Destruction Mechanisms
Dust grains are generally destroyed via collisions, either with gas particles (sput-
tering) or with other grains (shattering). In sputtering, grains are bombarded by en-
ergetic protons and other ions. These collisions knock off a few atoms at a time,
depending on the energy of the ion, gradually eroding the grain surface. To first
order, the sputtering rate (i.e., the number of atoms knocked off per collision) is in-
dependent of the size of the grain, meaning that smaller grains are destroyed more
quickly. This results in a modification of the shape of the grain size distribution with
time. In Figure 6, we show an example of this, where the pre-shock and post-shock
grain size distributions for both silicate and carbonaceous grains are shown after a
processing time (years after the shock passage) of 1000 years.
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Fig. 6 The pre-shock (solid
lines) and post-shock (dashed
lines) dust grain size distribu-
tions of silicate and graphite
dust grains 1000 years post-
shock. The density in this
simulation was n0 = 2 cm
−3,
with an ion temperature of 5
keV. Silicate grains are shown
in blue, while graphite is
shown in green. Small grains
are the most affected; see
text for details. The vertical
scales between silicate and
graphite, reflecting the num-
ber of grains, are arbitrarily
offset for ease of comparison,
but the scales within each
grain type are accurate.
Thermal sputtering, described above, dominates the destruction of grains for fast,
non-radiative shocks (Draine & Salpeter 1979). For slower shocks, non-thermal
sputtering, sometimes referred to as “ballistic” sputtering, is important as well. This
sputtering arises from the relative gas-grain motions in the post-shock region. Dust
grains generally have a low charge-to-mass ratio, and are largely unaffected by the
passage of the shock (in SNRs, the shock wave is collisionless). The plasma around
them, however, suddenly acquires a velocity of (3/4)vs, where vs is the shock speed.
They are eventually brought to rest in the frame of the gas due to the drag force from
collisions with ions, but this takes a non-negligible amount of time, during which
their sputtering rate is increased.
Finally, shattering of grains via grain-grain collisions reprocesses grains by re-
ducing their size. While not a destruction mechanism, per se, since the mass remains
in the solid dust phase, this process also affects the grain size distribution, tilting it
towards smaller grains that are then more easily destroyed by sputtering. Jones et
al. (1996) show that for slow shocks of < 200 km s−1, 5-15% of the initial mass in
grains may be reprocessed via shattering to very small grain sizes of less than 1 nm,
and thus may be a significant source of polycyclic aromatic hydrocarbons (PAHs)
and other small grains.
6.2 Destruction of SN Dust by the Reverse Shock
While core-collapse SNe are capable of producing a significant amount of dust from
their ejecta, the ultimate survival of this dust following the passage of the SN reverse
shock determineswhether they are indeedmajor sources of dust in galaxies. The sur-
vival of dust grains depends not only on the type of explosion (see Section 3.3), but
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also on the clumpiness of SN ejecta, and the density structure of the surrounding
ISM. The theoretical models generally show that 40-100% of the dust mass is de-
stroyed in the encounter with the reverse shock, and that grains with sizes below 0.1
µm are completely sputtered away (e.g. Kozasa et al. 2009, Silvia et al. 2010).
While the dust produced in Type Ia and IIb SNe is shown to be almost completely
destroyed, even for the highest gas densities and clumpy ejecta, as much as 0.2 M⊙
may survive in Type IIP SNRs due to the larger size of grains that condense in the
ejecta (Kozasa et al. 2009, Nozawa et al. 2011, Biscaro & Cherchneff 2014). We
note that for all SNRs in which significant dust masses have been discovered to date
(SN 1987A, Cas A, Crab Nebula, and G54.1+0.3), the dust resides on the inside of
the reverse shock and is yet to be processed. So far, the only observational evidence
for SN dust surviving the reverse shock is the discovery of 0.02 M⊙ of dust in the
interior of a 10,000-year-old SNR Sgr A East (Lau et al. 2015).
6.3 Observational Evidence for Destruction in SNRs
Modeling the IR emission from individual remnants shows direct evidence for the
destruction of ISM dust via sputtering. Borkowski et al. (2006) and Williams et al.
(2006) used early Spitzer imaging observations of young SNRs in the LMC to show
that the observed fluxes could not be modeled by standard, unmodified grain size
distributions. The fits required dust destruction of order ∼ 25− 50% of the mass
in grains encountered by the forward shock. Blair et al. (2007) did the same for
Kepler’s SNR, where the high densities encountered by the forward shock lead to∼
75% of the grains being destroyed. Arendt et al. (2010) observed Puppis A, an older
galactic remnant interacting with a molecular cloud, to reach a similar conclusion.
Since Puppis A is a large remnant, they were able to place the Spitzer spectroscopic
slits at various points behind the shock and follow the evolution of the dust grain size
distribution. They found that the Spitzer spectra could only be fit by removing 25%
of the mass in grains. A similar conclusion was reached by Sankrit et al. (2014) in
observations of the Cygnus Loop, another older remnant occupying a large volume
of the ISM. It is important to note that grain destruction does not merely lower the
IR flux from the remnant, but also changes the shape of the spectrum, due to small
grains being preferentially destroyed.
Spitzer is now in its warm phase and no longer has spectroscopic capabilities.
However, the James Webb Space Telescope (JWST) is scheduled for launch in
2018, and will have both imaging and spectroscopic capabilities from∼ 1−25 µm.
JWST’s angular resolutionwill be nearly an order of magnitude better than Spitzer’s,
and will allow studies like the one done on Puppis A to be done on several remnants,
both in the Galaxy and the MCs. The much greater sensitivity means that fainter
remnants can be studied as well.
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6.4 Supernovae as Net Destroyers of Dust?
Besides potentially being important sources of dust in galaxies, SNe are also respon-
sible for the majority of dust destruction in the ISM. The efficiency of the destruction
depends on the ISM conditions, such as the gas density, homogeneity, metallicity,
magnetic field, and dust-to-gas mass ratio, as well as on the properties of the ISM
dust grains themselves. Various theoretical models have been developed to study the
effect of SN blastwaves on dust in the ISM, and they generally agree that SN dust
destruction rates exceed the SN injection rates by at least an order of magnitude
(Jones et al. 1996). Slavin et al. (2015) modeled dust destruction by radiative SNRs
expanding in a homogeneous, magnetized, warm phase of the ISM, and found that
a typical SNR in the Galaxy would be expected to destroy ∼ 3.7M⊙ of silicate and
∼ 1.4M⊙ of carbon dust, significantly more than a typical SN is expected to pro-
duce (see Section 3). This discrepancy implies that dust in the ISM is either shielded
somehow, or that a large fraction grows in dense molecular clouds.
In a recent study, Temim et al. (2015) estimated the global dust destruction rate
by a complete sample of SNRs in the MCs by combining the observational con-
straints on the dust-to-gas mass ratio and gas density around each SNR, and the the-
oretically determined dust destruction efficiencies. They calculated the total amount
of dust each SNR will destroy throughout its evolution, and found that on average,
7.7±2.7 M⊙ is destroyed by an SNR in the LMC and 3.3±1.8 M⊙ in the SMC.
Lakicevic et al. (2015) estimated the amount of dust destruction in the LMC by
comparing the dust mass surface densities inside and outside the SNRs with their
surrounding media. They found evidence for dust destruction in six SNRs, with an
average of 6.5 M⊙ destroyed. Ochsendorf et al. (2015) find that dust processing by
SNRs inside superbubbles in the LMC increases the dust destruction efficiency even
further, since dust in continually replenished through cloud evaporations inside the
bubbles and destroyed by subsequent SNe. These studies support the idea that SNe
are net destroyers of dust in the ISM, at least in present-day galaxies.
7 Conclusions
In light of recent IR observations of young SNRs, particularly SN 1987A, there is
no doubt that SNe can form significant quantities of dust. However, the properties
and amount of dust produced in different progenitor types, as well as the fraction of
dust that ultimately survives the remnant phase to be injected into the ISM, are not
well known. Additionally, since the SNR shock waves destroy significant quantities
of ISM dust, it is likely that SNe, as a whole, are net destroyers of dust in galaxies.
Significant progress in this field will be made upon the successful launch of JWST,
a mid-IR observatory with a resolution about an order of magnitude better than
Spitzer and sensitivity several hundred times higher. JWST will allow the followup
of extragalactic SNe for tens of years in some cases, and will serve as a valuable
monitor on SN 1987As continuing evolution. The superior resolution will also fur-
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ther disentangle the various dust components in SNRs in both the Galaxy and the
MCs, and allow studies of the efficiency of dust destruction by SNR shocks. A com-
bination of observations of both SNe and SNRs, along with theoretical modeling,
will be necessary to solve the mystery of the origin of dust in the universe.
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